INTRODUCTION
Acute leukemias account for approximately one-third of all childhood cancers worldwide. Acute lymphoblastic leukemia (ALL) is the most common cancer in children, with about 2500 new cases diagnosed in the United States each year. Since the introduction of systemic chemotherapy, cure rates for childhood ALL have improved from less than 10% in the 1960s to 80% today. 1 Individual response to therapy depends on multiple factors, including biologic and genetic features of the leukemia blasts at the time of diagnosis, as well as characteristics of the patient. In addition, tumor cells have the ability to rapidly incorporate phenotaypic changes that render them resistant to an array of structurally diverse chemotherapeutic agents. Multiple studies have found wide interpatient variability in overall exposure to drugs and tolerability of drug regimens for ALL. Therefore, relapse may be attributed to drug resistance of leukemic cells or to inadequate drug exposure as a result of interpatient variability in pharmacokinetics. A large body of research now focuses on the 20% of patients who are not cured with upfront therapy, and seeks to define genetic differences in either somatic or tumor cells that are associated with treatment failure.
Genetic polymorphisms that affect cancer chemotherapy can be subdivided into several categories ( Figure 1 ). These include variants of phase 1 metabolism (the biotransformation of drug molecules into biologically active species), phase 2 metabolism (conjugation of activated molecules with endogenous small molecules), phase 3 metabolism (transport of drug molecules into or out of the cell), intracellular metabolism (processing of the drug molecule via normal endogenous pathways), or genes affected by environmental influences that impact the body's normal expression of proteins. All of these variations contribute to overall drug efficacy in patients.
Children with ALL, who are cured by upfront therapy, are anticipated to have a long life expectancy. As improvements in drug therapy lead to more cures, investigators seek ways to minimize host toxicity (both acute and chronic side effects) while continuing to achieve excellent cure rates. Recent studies suggest that baseline genetic characteristics of the host may predict chronic toxicity as well as acute toxicity. As microarray technologies become more widely available, it may be possible to detect these genetic variations prior to therapy and maximize future quality of life for these children.
The field of pharmacogenomics has increased our understanding of the interaction of host variations in genes encoding drug-metabolizing enzymes, receptors, and transporters, and overall drug disposition and response for many of the drugs used for ALL therapy. Pharmacogenomic considerations for patients with ALL include host variations that limit a person's overall exposure to drug and tumor variations that reduce the effectiveness of tumoricidal drugs. This review will focus on known polymorphisms that alter response to drugs most commonly used to treat newly diagnosed ALL (See Table 1 for summary).
THIOPURINES
One major component of ALL therapy is 6-mercaptopurine (6MP), a thiolsubstituted analog of the naturally occurring purine hypoxanthine. 6MP and other thiopurines, including 6-thioguanine (6TG), are metabolized intracellularly to thioguanine nucleotides (TGN), which are incorporated into DNA and can also inhibit de novo purine synthesis and purine interconversion. Cytotoxicity caused by 6MP is secondary to incorporation of thioguanine into DNA. 2, 3 In hematopoietic tissues, the availability of thiopurines for conversion to TGN is inversely related to the rate of S-methylation (inactivation) by cellular thiopurine methyltransferase (TPMT). 4 Polymorphism of the TPMT gene is responsible for one of the most dramatic examples of inherited differences in drug disposition and effects. This genetic polymorphism exists in all large ethnic groups that have been studied, including Caucasians, Asians, African Americans, and Africans, with TPMT activity inherited as an autosomal codominant trait. Inheritance of a polymorphism in TPMT results in approximately 90% of Caucasians and African-Americans having high TPMT activity, 10% intermediate activity, and one in 300 having low activity. The TPMT polymorphism has been elucidated and methods have been established for the molecular diagnosis of TPMT deficiency based on genotype. TPMT*3A, TPMT*3C, and TPMT*2 are the most prevalent mutant TPMT alleles in Caucasians, Asians, and African Americans, comprising about 95% of mutant TPMT alleles in these populations. TPMT*2 contains a single nucleotide transversion in exon 5 (G238C), TPMT*3C contains a single nucleotide transversion in exon 10 (A719G), and TPMT*3A contains two nucleotide transversions, one in exon 7 (G460A) and the other in exon 10 (A719G), each of which causes a nonsynonymous in the resultant protein. These mutant alleles encode TPMT proteins that undergo rapid proteolysis, thereby resulting in deficient activity. TPMT*3A is the most prevalent mutant TPMT allele in Caucasians, whereas TPMT*3C is the predominant TPMT mutant allele in Asian, African, and African-American populations. 5 Polymerase chain reaction (PCR)-based methods have been developed to detect the three signature mutations in these mutant alleles and can be used to identify TPMT-deficient and heterozygous patients. Additional SNPs in TPMT have been described, but do not occur with high frequency.
Patients with a TPMT deficiency are susceptible to profound bone marrow suppression when they are treated with drugs such as 6MP, 6TG, and azathioprine, whose parent molecule or active metabolites undergo Smethylation catalyzed by TPMT. Therefore, in patients with a homozygous mutant TPMT genotype (B1 in 300 individuals), an 85-90% dose reduction is necessary.
2,6-8 Additionally, patients who are heterozygous for the mutant TPMT allele often require doses of 6MP or 6TG that are less than those given to patients with wild-type alleles, because heterozygous patients experience more dose-limiting toxicity. 6 Conversely, some patients who have two wild-type TPMT alleles and are treated with 6MP or 6TG have low cellular concentrations of active TGN metabolites and therefore may require increases in doses to avoid treatment failure. 9, 10 Finally, the TPMT-deficient genotype has also been associated with a risk of a second malignancy, including secondary leukemia 11, 12 and brain tumors, in patients treated with antimetabolites and cranial irradiation. 13 Drug accumulation in tumor and host tissues may also be influenced by potential polymorphisms in genes encoding plasma membrane proteins that are responsible for the efflux of thiopurines. Some ATP-binding cassette (ABC) transporters (eg MRP4 and MRP5) preferentially promote the efflux of thiopurines from tumor cells; thus, it is possible that polymorphisms that affect these transporters' function could alter thiopurine efflux. However, such polymorphisms have not yet been described.
METHOTREXATE
Antifolate agents are antimetabolites that inhibit folate-dependent enzymes, including dihydrofolate reductase (DHFR), thymidylate synthase (TS), and enzymes involved in de novo purine synthesis (eg glycinamide ribonucleotide (GAR) transformylase and aminoimidazole carboxamide (AICAR) transformylase). Thus, treatment with antifolate compounds leads to inhibition of de novo purine synthesis, thymidylate synthesis, and ultimately amino-acid synthesis, resulting in cell cycle arrest and apoptosis. Methotrexate, the most widely used drug in this class, is used to treat ALL, and, together with 6MP, forms the backbone of maintenance therapy for ALL.
Methotrexate is metabolized to 7-hydroxy-methotrexate, principally by hepatic aldehyde oxidase. The ratio of the parent compound to this metabolite in vivo may be important in certain settings, because this metabolite, although extensively bound to protein under normal conditions, can compete with the parent compound for renal excretion and entry into cells. 14, 15 To date, there are no published polymorphisms of hepatic aldehyde oxidase. Some patients with normal liver function experience pronounced hepatotoxicity after treatment with methotrexate. This unexplained toxicity could be related to differences in expression of the multidrug resistancerelated protein 2 (MRP2), which transports methotrexate into the bile. Although the relation between human MRP2 and methotrexate-induced hepatotoxicity has not yet been studied, MRP2-null rats experience marked hepatotoxicity and fibrosis after administration of methotrexate. 16 It is conceivable that polymorphic expression of this transporter explain some of the idiosyncratic hepatotoxicity associated with methotrexate therapy. Additionally, other MRPs expressed in the liver (MRP1, MRP3) also transport methotrexate; therefore, overexpression of such MRPs in tumors or polymorphisms that alter expression of these transporters could also alter the tissue distribution of methotrexate.
The intracellular uptake and subsequent conversion of methotrexate to long-chain methotrexate polyglutamates is important because accumulation of long-chain polyglutamates in tumor cells is a determinant of methotrexate's cytotoxicity. 17 At micromolar extracellular methotrexate concentration, the reduced folate carrier (RFC) is the main protein responsible for methotrexate entry into most tumor cells. 18 Tumor cells can downregulate RFC expression in vitro; thus, this downregulation decreases the active uptake of the drug. 19 Additionally, mutations in RFC in methotrexate-resistant cell lines have been documented. 20, 21 In mice, leukemic blasts resistant to methotrexate were characterized and found to have mutations in RFC. 22 RFC mutations have been recently identified in humans, 23 but their relation to methotrexate sensitivity has not been definitively established. It should be noted that RFC is differentially expressed in subtypes of ALL: 24 hyperdiploid blasts, which are very sensitive to methotrexate, express higher levels of RFC than do nonhyperdiploid blasts, which are less sensitive to methotrexate.
The extent of polyglutamylation of the parent drug inside the cell is determined by the ratio of folylpolyglutamate synthase (FPGS) activity to folylpolyglutamate hydrolase (FPGH) activity. As the absolute value of this ratio within the tumor cell decreases, the intracellular accumulation of longchain polyglutamated methotrexate molecules decreases. 25 This finding indicates a role for the polyglutamylation pathway in tumor resistance to methotrexate. Therefore, it is important to elucidate the functional consequences of polymorphisms in the genes encoding FPGS, FPGH, RFC, and MRPs and their roles in determining sensitivity and resistance to methotrexate and other antifolate substrates.
A recent study has shown that TS, which is a component of the cellular folate metabolism pathway and is inhibited by methotrexate, has a polymorphic region consisting of a variable number of tandem repeats (VNTRs) in its promoter region. Children who have ALL and the triplerepeat promoter sequence have a poorer probability of event-free survival. 26 Methylene tetrahydrofolate reductase (MTHFR) catalyzes the reduction of 5,10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, the circulating form of endogenous folate. Two polymorphic MTHFR alleles (one with the C677T mutation and another with A1298C) encode proteins with decreased enzymatic activity. 27, 28 The C677T allele is common, with approximately 10% of the American population homozygous for this allele. In 40% of persons heterozygous for this allele, the MTHFR activity is 30% of that in persons homozygous for the wild-type allele; in 40% of persons heterozygous for the A1298C allele, the MTHFR activity is 60% of that in persons homozygous for the wild-type allele. Methotrexate metabolites inhibit MTHFR; therefore, patients with low endogenous activity have an increased risk of methotrexate-induced mucositis. 29 
CORTICOSTEROIDS
Corticosteroids are important agents in the treatment of ALL. Although their precise mechanisms of action are unknown, the cytotoxicity of these drugs is dependent, at least in part, on intracellular glucocorticoid receptors, which, in complex with glucocorticoids, bind to specific DNA elements and alter gene expression. This altered expression leads to inhibition of mitosis and protein synthesis and, ultimately, to cell death. Lympholytic response to steroid therapy is related to glucocorticoid receptor expression on lymphoblasts as well as length of occupancy of the receptor. 30 Corticosteroids are metabolized extrahepatically and hepatically by the CYP3A enzymes. 31 Together, CYP3A4 and CYP3A5 are responsible for about 50% of the hepatic cytochrome P450-mediated metabolism of corticosteroids. CYP3A4, the predominant hepatic cytochrome P450, is expressed at various levels in patients. In the 5 0 regulatory region of the CYP3A4 allelic variant CYP3A4*1B, a polymorphism called the nifedipine-specific response element (NFSE) was found in 66.7% of black, 4.2% of white, and 0% of Chinese subjects 32 and was initially thought to contribute to the differential expression of the enzyme; 33 however, results of further investigations have not consistently supported this finding. 34 In fact, the in vitro cytochrome P450 activity of 46 human liver samples with the polymorphism was not different from that of wildtype liver samples. 35 It has been proposed that patients with the CY-P3A4*1B allele are at decreased risk of therapy-related leukemia.
Two variant forms of the human CYP3A4 gene have been recently reported: one (CYP3A4*2) contains a missense mutation in exon 7 resulting in the replacement Ser222Pro and the other (CYP3A4*3) has a T1437C missense mutation in exon 12 resulting in the replacement Met445Thr. 32 Present in only 3.7% of Finnish White subjects and 0% of Black subjects and Chinese subjects, 32 the CYP3A4*2 allele encodes a protein with altered nifedipine oxidase activity, but without altered testosterone 6b-hydroxylase activity. The clinical relevance of this polymorphism is largely unknown, but a Pharmacogenomic effects on therapy for ALL AM Wall and JE Rubnitz recent study showed that of patients with childhood ALL, those who had the CYP3A4*2 allele and a variant allele for a DNA mismatch repair protein (MLH1 ILE 219 ) had a worse outcome than those who lacked both of these alleles. 36 Another variant of CYP3A4, CYP3A4*3, has been isolated in only one subject, who was Chinese; therefore, the frequency of this variant appears to be extremely rare, and it is not clear whether the mutation in this variant represents a genetic polymorphism that occurs in most populations. 32 Since CYP3A*3 is rare, the catalytic activity of CYP3A4*3 has not yet been characterized.
The variability in expression of CYP3A4 may be related in part to polymorphisms in the transcriptional regulatory regions of the CYP3A4 gene. 37 For example, it is possible that CYP3A4 expression could be altered as a result of a mutation in the pregnane X receptor (PXR) binding site that is in the 5 0 -regulatory region of CYP3A4 and is required for steroid-induced upregulation of CYP3A4 expression. 38 Moreover, this hypothesis about variability in CYP3A4 expression is further complicated by the finding that variations in CYP3A4 phenotype (including previously described sex-related differences in activity) are influenced by Pglycoprotein expression and activity. Although no genetic polymorphism has yet been linked to changes in CYP3A4 expression, the inducibility of this enzyme is a well-described phenomenon that continues to be of concern for patients receiving cancer chemotherapy. 39, 40 Whereas CYP3A4 is the predominant hepatic cytochrome P450, CYP3A5 is the primary extrahepatic form of CYP3A. Patients who inherit catalytically active CYP3A4 and CYP3A5 metabolize antileukemic agents faster than other patients. 41 Expression of CYP3A5 in certain tissues may contribute to local toxicity, and drug resistance may develop in tumor cells that express CYP3A5. Since CYP3A5 is the predominant cytochrome P450 in kidney and colon tissues, it is possible that low levels of expression of this enzyme could contribute to decreased extrahepatic metabolism of steroids, possibly influencing toxic effects experienced by patients. Polymorphisms in CYP3A5 are under investigation.
Studies of other cytochrome P450 genes, specifically CYP3A4 and CYP2B6, have recently investigated the function of the glucocorticoidbinding element in their promoter regions. Expression of the glucocorticoid receptor is positively correlated with activity of corticosteroids in vivo. 42 Therefore, it appears possible that increased glucocorticoid receptor expression could induce expression of drug-metabolizing enzymes such as CYP3A4 and CYP2B6. This possibility of steroid induction of drugmetabolizing enzymes might be important to consider in designing chemotherapy regimens or prescribing steroids to patients receiving chemotherapeutic drugs metabolized by CYP3A4.
CYCLOPHOSPHAMIDE
Alkylating agents, such as the oxazaphosphorine cyclophosphamide, induce cell death through covalent bonding of an alkyl group to cellular macromolecules, including DNA. DNA damage and inhibition of DNA replication are primary mechanisms of their cytotoxicity. As a prodrug, cyclophosphamide is converted to its active 4-hydroxy metabolites by cytochrome P450 enzymes. This initial activation step varies approximately nine-fold in humans. 43 At pharmacologic concentrations of cyclophosphamide (0.1-0.7 mM), this 4-hydroxylation reaction is mediated by CYP2C8 and CYP2C9, which have a relatively low K m value for this reaction (7-133 mM).
43 CYP2C9 is the most abundant CYP2C expressed in human liver: approximately 60% of the total pool of CYP2C is CYP2C9. Polymorphisms in the CYP2C9 gene result in variation in CYP2C9 expression in human liver, and this variation in expression may contribute to interindividual variability in metabolism of cyclophosphamide. 44 Like CYP2C9, CYP2C8 is expressed in the liver at differing levels among humans. 45 However, the hepatic expression of CYP2C8 and CYP2C9
is not as high as that of other cytochrome P450 isoforms; this feature suggests a role for other cytochrome P450s in oxazaphosphorine activation. In this regard, cytochrome P450 proteins with high K m values (3.2-8.1 mM), such as CYP2B6, CYP3A4, and CYP2A6, contribute to oxazaphosphorine activation. 43 These contributions may be especially important to drug disposition and response in patients receiving cyclophosphamide and concomitant therapy with drugs that induce these cytochrome P450 enzymes.
Interestingly, CYP2B6, which mediates hydroxylation of the 4-carbon position of cyclophosphamide, localizes within cardiac tissue in the right ventricle of the heart, a finding suggesting a potential role of CYP2B6 in local metabolism of the drug. Thus, metabolism of cyclophosphamide in cardiac tissue may influence the occurrence of cardiotoxicity. 46 Owing to its low expression (1-10% of total cytochrome P450 in liver) and its high K m value, CYP2A6 is responsible for activation of a relatively small portion of the oxazaphosphorines. 43 The 4-hydroxy metabolite of cyclophosphamide is active, but further hydroxylation at the 4-carbon position by aldehyde dehydrogenase produces inactive metabolites. Intracellular levels of aldehyde dehydrogenase (ALDH) correlate with ALDH activity. 47 Increased expression of ALDH1 or ALDH3 in tumor cell lines confers increased resistance to oxazaphosphorines. 48 Therefore, higher ALDH activity in tumor cells of patients could decrease response to these drugs, although this effect has not been clearly established in vivo.
Like the activity of ALDH, increased activity of glutathione S-transferase (GST), which inactivates some of the active oxazaphosphorine metabolites via conjugation with glutathione, may decrease the overall activity of cyclophosphamide. 49, 50 In vivo analysis documented a decreased response to therapy in patients who had ALL and whose blast cells overexpressed GST. 51 Conversely, deletions of the GSTM1 gene results in an overall decrease in In summary, consequences of genetic polymorphisms in enzymes catalyzing cyclophosphamide metabolism could include decreased activation of the drug, which could cause poor tumor response. In contrast, these polymorphisms could enhance cyclophosphamide activation and thus lead to greater tissue sensitivity, enhanced systemic activity, or both.
DNA TOPOISOMERASE II INHIBITORS
The epipodophyllotoxins etoposide and teniposide are semisynthetic derivatives of the plant alkaloid podophyllotoxin, which is extracted from the May apple. Of the two, etoposide is more commonly used in therapy for ALL. The antineoplastic activity of epipodophyllotoxins is because of their ability to stabilize the transient covalent bond between DNA and topoisomerase II; this stabilization results in double-stranded DNA breaks. Epipodophyllotoxins undergo CYP3A4-mediated O-demethylation to the active catechol form, and may undergo further oxidation to the reactive quinone. 54 Polymorphism in CYP3A4 may prove to be relevant for alterations in individual response and toxicity. Additionally, extrahepatic metabolism, including tumor metabolism via polymorphic CYP3A5, may influence the toxicity and efficacy of these drugs. Therefore, studies are needed to assess the expression of CYP3A5 in patients receiving these drugs and to determine the relation between CYP3A5 expression and the effects of epipodophyllotoxins in vivo. These drugs are also substrates for the multidrug resistance transporter MDR1, the product of MDR1, as well as several members of the related MRP transporters, which may contribute not only to resistance (when overexpressed on tumor cells) but also to the absorption of these medications.
Like the epipodophyllotoxins, amonafide is also a topoisomerase II inhibitor, but amonafide is converted to its active metabolite, N-acetyl-amonafide, by N-acetyltransferase 2 (NAT2). Polymorphisms in NAT2 result in its varied expression among ethnic groups: 60% of Caucasians are 'slow' acetylators, whereas only 10% of Asian populations are slow acetylators. The major determinant of toxicity to amonafide therapy is the extent of Nacetylation to the active metabolite. Fast acetylators experience much higher rates of myelosuppression than slow acetylators; therefore, the maximally tolerated dose in fast acetylators differs from that in slow acetylators. 55 The increased toxicity is related in part to N-acetyl-amonafide's inhibition of amonafide oxidation catalyzed by CYP1A2. 56 
VINCA ALKALOIDS
The vinca alkaloids (vincristine, vinblastine, and vindesine) are antimitotic agents derived from the periwinkle plant. Vincristine is widely used for the treatment of ALL. Vinca alkaloids block cells in mitosis by binding to tubulin and thus preventing the protein from polymerizing to form microtubules. Cell death occurs because the sister chromatids are unable to correctly separate during mitosis. Vinca alkaloids are extensively metabolized in the liver, specifically by CYP3A4, 57 and their conjugates and metabolites are excreted into the bile. This metabolism may be affected by polymorphism in CYP3A4. Metabolism by polymorphic CYP3A5 may contribute to local toxicity, but this hypothesis has not yet been confirmed in large studies. Overexpression of MDR1 by the tumor can contribute to resistance to all vinca alkaloids, whereas members of the MRP family appear to have variable affinity for these compounds. 58 
ANTHRACYCLINES
The most widely used anthracyclines, doxorubicin and daunorubicin, are produced by the fungus Streptomyces peucetius var. caesius and are converted to alcohols (doxorubicinol and others) by aldoketoreductase in the liver. The alcohol metabolites are further conjugated by cytochrome P450 enzymes and glucuronyl transferases to less active, but potentially more toxic, hydroxylated or glucuronide conjugates. 59 Hepatic UDPglucuronosyltransferase (UGT) enzymes are separated into two distinct families, with UGT1A1 polymorphism contributing most to anthracyline metabolite excretion. Polymorphisms in CYP3A and UGT1A1 may contribute to interpatient variability in the disposition of vinca alkaloids, although this possibility has not been established. Additionally, overexpression of MDR1 confers resistance in vitro and in vivo to anthracyclines. 60 
ASPARAGINASE
Asparaginase is an enzyme that metabolizes the amino-acid asparagine. Normal human cells synthesize asparagine efficiently, whereas leukemic lymphoblasts have little asparagine synthetase activity and therefore depend on serum asparagine as the source of this amino acid for efficient protein, DNA, and RNA synthesis. This dependence is exploited by systemic asparaginase treatment: asparaginase hydrolyzes serum asparagine, thus depleting the tumor cells' supply of this essential amino acid. Resistance to asparaginase can develop as a result of the induction of asparagine synthase expression in tumor cells or the systemic development of antibodies to asparaginase. There are no known pharmacogenetic considerations for asparaginase therapy.
CONCLUSIONS
Multiple polymorphisms exist in genes associated with the metabolism, transport, or pharmacologic effect of drugs commonly used to treat ALL. For cure rates to continue to improve, it is crucial for each patient to receive the therapy that, on the basis of pharmacogenomic factors, is best for him or her. Therefore, a chief priority is continued progress in the developPharmacogenomic effects on therapy for ALL AM Wall and JE Rubnitz ment of technology to prospectively identify polymorphisms in genes required for the overall distribution of drugs used in ALL therapy. Ultimately, individualization of systemic chemotherapy will be possible for each patient.
As new phenotypes in patients are identified that are associated with treatment efficacy or toxicity, determining an overall patient phenotype a priori will be a new focus (Figure 2) . New mathematical models and statistical techniques will need to be developed to determine what the presence of multiple polymorphisms in multiple genes will do to overall patient response to ALL therapy. Figure 2 Hypothetical depiction of multiple patient phenotypes that affect metabolism and disposition of drug A. For a drug affected by polymorphism in three genes, 27 possible phenotypes exist resulting in a spectrum of activity for the population of patients treated with drug A.
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